The natural radiation environment in Low Earth Orbit (LEO) differs significantly in composition and energy from that found on Earth. The space radiation field consists of high energetic protons and heavier ions from Galactic Cosmic Radiation (GCR), as well as of protons and electrons trapped in the Earth's radiation belts (Van Allen belts). Protons and some heavier particles ejected in occasional Solar Particle Events (SPEs) might in addition contribute to the radiation exposure in LEO. All sources of radiation are modulated by the solar cycle. During solar maximum conditions SPEs occur more frequently with higher particle intensities. Since the radiation exposure in LEO exceeds exposure limits for radiation workers on Earth, the radiation exposure in space has been recognized as a main health concern for humans in space missions from the beginning of the space age on. Monitoring of the radiation environment is therefore an inevitable task in human spaceflight. Since mission profiles are always different and each spacecraft provides different shielding distributions, modifying the radiation environment measurements needs to be done for each mission. The experiments ''Dose Distribution within the ISS (DOSIS) '' (2009-2011) and ''Dose Distribution within the ISS 3D (DOSIS 3D) '' (2012-onwards) onboard the Columbus Laboratory of the International Space Station (ISS) use a detector suite consisting of two silicon detector telescopes (DOSimetry TELescope = DOSTEL) and passive radiation detector packages (PDP) and are designed for the determination of the temporal and spatial variation of the radiation environment. With the DOSTEL instruments' changes of the radiation composition and the related exposure levels in dependence of the solar cycle, the altitude of the ISS and the influence of attitude changes of the ISS during Space Shuttle dockings inside the Columbus Laboratory have been monitored. The absorbed doses measured at the end of May 2016 reached up to 286 lGy/day with dose equivalent values of 647 lSv/day.
Introduction
The natural radiation environment in Low Earth Orbit (LEO) differs significantly in composition and energy from that found on Earth. It consists of protons and heavier ions from Galactic Cosmic Radiation (GCR) of energies up to 10 20 eV, as well as protons and electrons trapped in the Earth's radiation belts having energies up to 600 MeV and 7 MeV, respectively. Protons and heavier particles with energies up to several gigaelectron-volts (GeV) emitted in occasional Solar Particle Events (SPEs) increase the complexity of the radiation field. The radiation field in LEO is dependent on altitude and inclination of the spacecraft orbit and changes with the solar activity. Particles of all sources are capable of entering the spacecraft. The interactions of the particles with the atoms of the spacecraft material and the human body lead to a release of orbital electrons due to ionization as well as to production of new particles such as mesons, pions, secondary protons, neutrons and heavy ions through fragmentation of the primary particles or target fragmentation through nuclear collisions. As a result, the exposure the crew receives during an extended spaceflight significantly exceeds exposure limits for terrestrial radiation workers (Reitz 2008) .
Since the early times of human spaceflight, space radiation and especially its heavy ion component has been recognized as a main health concern for human space missions (Grahn 1973; Durante & Cucinotta 2011) . The monitoring of the radiation exposure received by humans already started in the 1960s with the Mercury and Gemini missions (Warren & Gill 1964; Richmond 1972 ) and the Apollo missions to the Moon (see for example English et al. 1973 and also http://history.nasa. gov/SP-368/contents.htm). The experiment suite applied at these times already consisted of passive (integrating) and time-resolving active (battery or otherwise powered) detectors.
For the ISS more advanced instruments were developed and methods are refined, since due to the extended stay of humans more detailed knowledge on the radiation field is needed to be provided also to ensure radiation protection measures. Onboard the ISS active and passive dosimetry was and is therefore accomplished with various detector systems (see reviews in Berger 2008; Caffrey & Hamby 2011; ICRP 2013 and Narici et al. 2015) . In the frame of the DOSIS and DOSIS 3D experiments, active instruments based on silicon detector technology and passive radiation detectors were and are applied for long time dose monitoring onboard the Columbus Laboratory of the ISS. For the first results of the passive radiation detectors onboard the Columbus Laboratory, the reader is referred to Berger et al. (2016) .
The DOSIS and DOSIS 3D experiments: active detectors
The aim of the DOSIS (2009 DOSIS ( -2011 and the subsequent DOSIS 3D (2012-ongoing) experiments was and is the measurement of the radiation environment within the European Columbus Laboratory of the ISS. These measurements are carried out with two silicon detector telescopes (DOSimetry TELescope = DOSTEL) mounted at a fixed position inside Columbus for the determination of the temporal variation of the radiation field parameters. In addition, 11 Passive Detector Packages (PDP) are applied for the measurement of the spatial distribution of the radiation exposure within Columbus and long-term temporal evolution of the radiation field parameters (see Berger et al. 2016) . The DOSTEL instrument, jointly developed by CAU, Kiel, Germany & DLR, Cologne, Germany, and applied within DOSIS and the DOSIS 3D experiments has its heritage from numerous space missions. Its first version was applied for measurements in the Biorack facility of the European Space Agency (ESA) onboard various Space Shuttle missions namely: STS-76 (March 1996) , STS-81 (January 1997) and STS-84 (May 1997) (Reitz et al. 1998; Beaujean et al. 1999a Beaujean et al. , 1999b Reitz et al. 1999; Singleterry et al. 2001) . The instruments were further mounted in the Kristall module of the MIR space station from October 1997 to January 1998 as part of the Active Dosimetry of Charged Particle (ADCP) experiment, which was flown as part of the NASA-6 mission to the MIR space station. During this time it measured the first Ground Level Enhancement (GLE) of the 23rd Solar Cycle on November 06th 1997 (GLE-55) (Badhwar et al. 2002; Beaujean et al. 2002 ; see also http://cosmicrays.oulu.fi/GLE.html).
Two additional DOSTEL instruments were used as part of the first European Dosimetry experiment, the Dosimetric Mapping (DosMap) experiment, onboard the US Laboratory (US Lab) of the ISS between March and August 2001 . Also during the DosMap mission it was possible to get data from another GLE, namely GLE-60 in the middle of April 2001 (see also http://cosmicrays.oulu.fi/GLE.html). A further upgraded version of the DOSTEL was flown as part of the active dosimetry suite of the MATROSHKA experiment outside and inside the ISS in the years 2004-2011 (Labrenz et al. 2015) . The instruments were also used for measurements onboard airplanes (Beaujean et al. 1999c and worth to mention is that the principal design of the DOSTEL is also reflected in the MSL-RAD instrument that measured the radiation environment during the cruise to Mars and it is currently performing measurements on its surface (Zeitlin et al. 2013; Hassler et al. 2014 ).
DOSIS and DOSIS 3D experiments: active hardware
The active part of the DOSIS & DOSIS 3D hardware consists of two DOSTELs (DOSTEL-1 and DOSTEL-2) and the DOSTEL Data and Power Unit (DDPU). The two instruments and the DDPU are mounted in a Nomex Ó Box, called the DOSIS-MAIN-BOX, at a fixed position beneath the European Physiology Module (EPM) in Columbus. Inside the DOSIS-MAIN-BOX the DOSTELs are mounted in such a way, that the telescope of DOSTEL-1 is directed parallel (X), whereas the telescope of DOSTEL-2 is directed perpendicular (Y) to the ISS flight direction (see Fig. 1a ). This arrangement allows receiving information about the directionality of the radiation field inside Columbus. For a comparison of the data with those of the passive radiation detectors, one PDP is always attached to the left side of the DOSIS-MAIN-BOX (see Fig. 1b ).
Each DOSTEL houses two passivated implanted planar silicon (PIPS) detectors (D-1 and D-2) each with a thickness of 315 lm and an active area of 6.93 cm 2 arranged in a telescope geometry mounted at a distance of 15 mm thereby yielding a telescope with an opening angle of 120°and a geometric factor of 824 mm 2 sr. With this detector configuration, the DOSTEL measures count rates and dose rates of radiation hitting a single detector (''dose measurement'') and coincidental hits in the two detectors with a limited path length in the detectors to derive information about the linear energy transfer (LET) (''telescope'' or ''LET'' measurement). Based on the measured data DOSTEL provides absorbed dose and dose equivalent values.
Each detector (D-1 and D-2) in the individual DOSTEL units is connected to an independent analogue signal section consisting of a charge-sensitive preamplifier with 2pF integrating capacitor followed by a two-stage pulse amplifier and two peak detectors. The two-stage pulse amplifier for the D-1 detector has a gain factor of 4 for the first stage and 30 for the second stage, which results in a total gain of 120 for D-1. For D-2 the two-stage pulse amplifier has a gain factor of 10 for the first stage and 20 for the second stage, which results in a total gain factor of 200 for D-2. Together with an 8-bit ADC this design allows a pulse height analysis of the detector signals with different resolution for the low and high energy deposition region.
This leads to an energy deposition range (in silicon) of 0.069-165 MeV for the top D-1 detector and of 0.048-66 MeV for the bottom D-2 detector. With the limit in path length for the coincidence mode the linear energy transfer (LET) range in water covered by the instruments is 0.1-240 keV/lm for D-1 and 0.07-95 keV/lm for D-2; therefore, the resolution of the latter, especially in the region of low energy depositions, is higher (see also in detail Sect. 3.2).
The digital signal section of the instruments consists of an 8-bit MCU (68HC711), a timer, a 1 MB flash memory and 32 kB RAM. Science data as well as housekeeping data for a 12-day period can be stored in the flash memory of the DOSTEL. After this period data is downloaded via the RS-232 interface to the DDPU.
The DDPU provides the two DOSTEL instruments with power, stores the data from the instruments on an SD memory card and provides the interface to the Columbus modules. The DDPU is connected via a former NASA 16 V laptop power supply (''black brick'') to a 120 V Columbus power outlet (SUP outlet) for the provision of the power to the instruments. Furthermore, the DDPU has a data connection (see Fig. 1c ) via the EPM LAN interface at the upper right part of the EPM facility. The scientific and housekeeping data are downloaded by the EPM rack via Ethernet connection nominally every four weeks. For this the EPM rack is activated once a month. The total power consumption of the DOSIS experiment is about 3 W @ 16 V. During their operation on orbit the two DOSTEL units measure independently the particle count-and absorbed dose rates and the energy deposition spectra. The particle rate as well as the dose rate is counted by each detector of each unit (D-1 and D-2) independently. While the particle rate is taken just by counting the hits during a given time interval the dose rate is evolved by summing up the Analogue to Digital Converter (ADC) values of the relevant hits. The ADC values represent the energy deposition in the detector; so the integral ADC values represent the total absorbed dose deposited in a single detector. After a given time interval the particle rate and the absorbed dose rate are stored in the DOSTEL memory. During nominal operation onboard the ISS, this integration period is set to 100 s (GCR) (see Table 2 ). The period was chosen to get sufficient counting statistics for the GCR count rates since the expected event rate varies between 3 and 30 counts/s while the station is located outside the region of the South Atlantic Anomaly (SAA). Inside the SAA the particle rate is significantly higher than in the rest of the orbit. Additionally, the energy spectrum of the particles in the SAA region differs from those measured in the other regions of the ISS orbit. Due to these reasons a count rate threshold is used to switch the DOSTELs from the so-called GCR Mode to the SAA Mode. In the SAA mode the integration period for the count rate and absorbed dose rate measurement is set to 20 s to obtain better time resolution (see also Table 2 ).
The measurement of the energy deposition spectra, with the subsequent calculation of the LET spectra, requires a coincidence in the two detectors (D-1 and D-2) of each DOSTEL, thereby also limiting the path length of the impinging particles. The integration period for the energy deposition spectra is initially set to 45 min. To synchronize the data recording with the orbit of the ISS the minima in the count rates are used to start a new integration period for the spectra. These minima result from crossing the geomagnetic equator where the magnetic shielding of the Earth's magnetic field has its highest efficiency. Thus the energy deposition spectra are integrated over half orbits from one crossing of the geomagnetic equator to the next. Furthermore, the energy deposition spectra measured during SAA passes are stored separately to take into account the different particle species inside and outside this region. Since the mean quality factor is derived from the LET spectra it is possible to yield quality factors for the SAA region and the GCR component separately (see also in detail: Sect. 3 of Labrenz et al. 2015) . During nominal operation count rate, dose rate and energy deposition spectra data is taken in parallel and these measurements are defined as socalled Mode 1 (Table 2 ).
In addition, it is possible to operate one of the DOSTEL units (DOSTEL-1) in the Mode 2 (so-called Single Event Mode). In Mode 2 every particle trigger in the D-1 or D-2 detectors of the DOSTEL-1 leads to the storage of the ADC values for both detectors. Though this Mode 2 is way more memory and bandwidth consuming it allows a deeper analysis of the data. In this mode particle species and directionality can be identified for certain energies. The switching between Mode 1 and Mode 2 for DOSTEL-1 is done by using the Mode Switch on the DDPU front panel (see also Fig. 1c) .
To derive the relevant dosimetric quantities the following methods are used (see also in detail: Sect. 3 of Labrenz et al. 2015) . To separate the dose induced by the GCR component only the northern hemisphere is used to ensure that no Single Event Mode: The energy deposition for every single particle is stored into the memory
(1) The data produced by every single particle in both detectors of the DOSTEL-1 telescope is stored (PHA data). Mode 2 is only started and stopped after switching the relevant MODE switch at the front side of the DOSIS-MAIN-BOX (nominally once or twice a year for around 7 days) (see also Fig. 1c ).
contamination by SAA particles is tampering with the result. The dose measured on the northern hemisphere is multiplied by 2 to derive the total dose from GCR. This presupposes that the GCR dose distribution is symmetrical about the geomagnetic equator. To obtain the contribution of the trapped particle induced dose the GCR dose is subtracted from the total dose. Since the instruments can only measure the energy deposition in silicon one has to calculate the relevant quantities like absorbed dose in water and dose equivalent in water from this data. This is done by multiplying the dose in silicon by a constant factor of 1.23. This factor originates from the different stopping powers for protons and electrons in silicon and water (ICRU 1984) . This mean conversion factor does not take into account the dependence on particle type and energy and its uncertainty is estimated to be around 5% (Labrenz et al. 2015) .
To derive dose equivalent values, the data from the energy deposition spectra are used to calculate the respective LET spectra (in water) assuming a mean path length for penetrating particles measured in coincidence mode. For isotropic particle incidence the mean angle a of incidence is 30°, and hence the mean path length dl is dl = d AE (cos a)
À1
, where d is the thickness of the detector. The mean path length used is therefore 364 lm (for details see Chapter 6.2.2 of Labrenz 2014). The LET spectra in combination with the LET-dependent quality factors defined in ICRP60 (ICRP 1991) are used to calculate the mean quality factors (see also Labrenz et al. 2015) and with this the dose equivalent.
DOSTEL: calibration
The silicon detectors applied within the DOSTEL instrument have been thoroughly calibrated before launch with various radiation sources. For a more in-depth discussion of the calibration principles for the DOSTEL instruments, the reader is referred to Beaujean et al. (1999a Beaujean et al. ( , 2002 . For the initial calibration of the high gain amplifier chain of the electronics a first calibration step for the DOSTEL instruments was the exposure to 241 Am in a vacuum chamber (pressure 0.1 hPa, distance 10 cm).
241
Am emits a-particles of three different energies: 85% of the decays yields a 5.486 MeV a-particle, 13% yields 5.443 MeV and the remaining 2% are 5.388 MeV a-particles. Even though the lower a energies are also visible in Figure 2 only the main peak of 5.486 MeV was used for calibration purposes.
The linearity of the electronics as well as the different gain factors of the high and low gain pulse amplifiers have been in addition checked by using an external test pulser.
To verify higher energy depositions in the low gain amplifier chain the instruments were irradiated over the years in the frame of the ICCHIBAN project with heavy ions at the Heavy Ion Medical Accelerator (HIMAC) of the National Institute of Radiological Sciences (NIRS) in Chiba, Japan (Uchihori & Benton 2004 . Parts of the results of these calibrations for the low gain amplifier are given in Figure 3 . Figure 3 shows the relevant calibration peaks for carbon, neon, silicon and iron ions in the low gain amplifier chain, confirming that the DOSTEL instruments can detect particles up to iron, which is a prerequisite to perform accurate dosimetry in LEO. All these measurements led to the conclusion that calibration of the instruments is sufficient for dosimetric purposes. The resulting energy deposition ranges and therefore the resulting LET ranges are given in Table 3 
Results and discussion
Section 4 is structured in the following way. Section 4.1 presents the primary data measured with the DOSTEL instruments, namely the count and the absorbed dose rates. Further on, it focuses on relevant parameters influencing the measured absorbed dose onboard the ISS. These parameters are on one hand given by the natural radiation environment (solar cycle influence Sect. 4.1.1), on the other hand by changes in the ISS altitude (Sect. 4.1.2) and by changes in the ISS attitude due to the docking of the Space Shuttle (Sect. 4.1.3).
After the discussion of these relevant parameters influencing the absorbed dose measured inside the ISS we will focus on the long-term variation of the absorbed dose measured within the DOSIS and DOSIS 3D experiment phases (Sect. 4.2), the relevant LET spectra and their differences depending on solar cycle and ISS altitude (Sect. 4.3) and conclude with the dose equivalent values determined for DOSIS and DOSIS 3D (Sect. 4.4). Section 4.5 provides a comparison of data measured with other active and passive radiation detectors onboard the ISS throughout the DOSIS and DOSIS 3D experiment timeline. Figure 4 gives an example of the count rate (Fig. 4a) and absorbed dose rate (measured in Si) (Fig. 4b) versus elapsed time for a time period of 12 h measured with the DOSTEL-1 and the DOSTEL-2 instruments shortly after the successful installation in July 2009. Figure 4 provides for both, the count and absorbed dose rates, the temporal variations due to changing magnetic cutoff conditions in dependence of latitude with minima at the magnetic equator after every 45 min and maxima at high latitude locations as well as the relevant spikes (in total six) during SAA crossings. While the first two SAA crossings between Day of Year (DoY) 213.0 and 213.1 are so-called descending nodes, i.e. the ISS comes from the equator and flies to higher southern geomagnetic latitudes, the other four crossings between 213.3 and 213.5 are related to so-called ascending nodes, i.e. the ISS comes from the south and flies in the direction of the equator to higher geomagnetic cutoffs. While for the absorbed dose due to GCR the dose values for both DOSTEL-1 and DOSTEL-2 are in quite good agreement we can see that the count rate and absorbed dose rates during the SAA crossing differ due to the highly anisotropic proton contributions in the SAA.
Count-and absorbed dose rates

Solar cycle influence on the absorbed dose rate of GCR
It is well known that the sun and its 11-year solar cycle influence our radiation environment in space. The contribution from GCR varies with the activity of the sun and the connected interplanetary magnetic field. Therefore during solar minimum conditions the contributions from GCR are the highest, while during solar maximum conditions the contributions from GCR are reduced due to the stronger interplanetary magnetic field preventing GCR of lower energies from entering the heliosphere. An indication of the activity of the sun is given by the sun spot number, and neutron monitors on ground provide measurements of the related GCR intensity with the highest values during solar minimum conditions and lowest values during solar maximum conditions. Figure 5 therefore provides the sunspot number ( Fig. 5a ; data from: http:// www.sidc.be/silso/) and the Oulu neutron monitor count rates ( (Fig. 5c ) and the DOSTEL-2 instrument (Fig. 5d) .
The DOSIS mission started in July 2009, within the deepest solar minimum conditions (2009) in the spacefaring era. This is indicated by a sunspot number S n~0 and the highest Oulu Neutron Monitor count rates for the whole year 2009 and also reflected in the absorbed dose values measured by both DOSTEL instruments of up to 170 lGy/day. From 2010 onwards we observed a slow increase of solar activity which can nicely be seen in the DOSTEL data showing similar variations as the Oulu Neutron monitor count rate. The DOSTEL-2 instrument covered the slow increase in solar activity and the related decrease in GCR intensity till the end of the DOSIS experiment in June 2011. For a better understanding of the changes in the GCR contribution Figure 6 presents the GCR variation coupled to the ISS orbital data for two distinct time periods. The scale (0 lGy/h-14 lGy/h) was chosen to visualize the variation of absorbed dose rate from GCR due to Earth's magnetic field with geomagnetic latitude and longitude. Figure 6a shows the absorbed dose rate in dependence on the geographical position for the year 2009 (solar minimum).
The magnetic field allows only particles of higher energies to penetrate at lower latitudes and as a consequence the lowest dose rates occur in the equatorial region. Figure 6b presents the dose rates in the year 2013 at solar maximum conditions. During this period the dose rate caused by GCR had decreased due to the stronger interplanetary magnetic field. This effect is especially pronounced at higher geomagnetic latitudes. The solar cycle variations lead to a decrease in the daily average absorbed dose rate due to GCR from 160 lGy/d (2009) to 145 lGy/d (2013) (DOSTEL-2).
ISS altitude influence on the absorbed dose rate of SAA
Whereas the influence of the sun on the radiation environment constitutes a real natural phenomenon, another factor influencing the radiation load on board the ISS is to a certain extent under human control, namely the altitude of the ISS. The altitude of the ISS has increased since the beginning of the DOSIS experiment in 2009 from 335 km to 420 km. Its influence on the contribution from GCR is negligible, but it strongly correlates with the dose contributions from the crossings of the SAA (see also Lishnevskii et al. 2012b) .
The SAA resembles a cone like structure with the tip towards the ground. The cuts through the cone, i.e. the area of the SAA, increase with altitude thereby also increasing the flight time of the ISS within the SAA. The main contributions to the SAA absorbed dose are from low energy protons and electrons, though inside the ISS the electrons are already shielded by the relevant hull of the spacecraft. Further on, the SAA proton contribution is strongly anisotropic (East/West anisotropy) resulting in more protons reaching the ISS from the west than from the east (Drobyshev & Benghin 2011) . Also, compared to GCR, the proton energies are rather low (a few tens to hundreds of MeV), which results in a high variation of the SAA dose depending on the relevant local shielding environment inside the ISS (see also Figs. 10 and 11 of Berger et al. 2016) .
In Figure 7 we provide therefore the ISS altitude (Fig. 7a ) as well as the Oulu neutron monitor count rate (Fig. 7b) (Fig. 7c ) and the DOSTEL-2 instrument (Fig. 7d) . During the DOSIS experiment (05/2009-06/ 2011) the absorbed dose values for DOSTEL-1 were of the order of 125-90 lGy/day. The absorbed dose rates measured with DOSTEL-2 are always around 20% lower, which is due to (a) the different viewing directions of the DOSTEL-2 and also due to (b) different local shielding thicknesses of the detectors.
At the end of the DOSIS mission in June 2011 the ISS altitude was slowly raised from 340 to 390 km and this rise in altitude can still be seen in the DOSTEL-2 data (Fig. 7d) directly at the end of the mission. One year later in 2012 the station was at an altitude of 390 km and at almost 420 km in the last quarter of 2012. Afterwards, the altitude has remained stable till the last quarter of 2014.
Within this time the absorbed dose rates measured by both DOSTEL instruments correlate nicely with the altitude changes -especially the 6-month long drop at the beginning of 2015 to around 400 km is perfectly reflected in both DOS-TEL data. From the first quarter of 2015 onwards the station was at almost constant altitude, but we see another influence on the SAA dose, which is the decrease in solar activity as given in Figure 7b reflected in an increase in the neutron monitor count rate and at the same time increasing the number of protons in the SAA.
Two further features of the daily SAA dose rate are worth looking in more detail. The first one are the in total six drops in SAA dose rate for DOSTEL-1 and eight drops in SAA dose for DOSTEL-2 during the DOSIS experiment phase, i.e. before 2012, which are related to attitude changes of the ISS and will be further discussed in Section 4.1.3.
The second feature, which can especially be seen clearly during the DOSIS 3D experiment in both DOSTEL instruments, are the oscillating spikes in the daily SAA dose rate over the whole mission duration. These spikes are correlated with the nominal orbits of the ISS. To further discuss this feature Figure 8 provides an in-depth analysis of the spikes. Figures 8a and 8b show the daily SAA dose rate for the DOSTEL-1 and the DOSTEL-2 instruments over a timeframe of 4 months from June to the end of October 2013. As can be seen, the dose rates correlate nicely over this timeframe and show a bimonthly oscillation pattern of 6 days. The reason behind this is that the ISS orbits Earth on average 15.54 times a day with an orbit time of 92.65 min. Therefore the nominal ascending and descending SAA orbits (once a day ascending and once a day descending) shift slowly over time, so after a certain time period there are days where the SAA crossings happen over midnight -and this changes the total dose. To further illustrate this, we took the data from the maximum and the minimum of the SAA dose for the crossings at the beginning of July 2013 (Point 1 and Point 2 in Fig. 8a ) and present them as dose rate per hour in Figure 8c for the July 05th and Figure 8d for the July 06th. Comparing the SAA crossings for these two days clearly shows that on July 05th we see in total nine spikes related to the crossing of the SAA while on July 06th the number of crossings is reduced to six. Since the daily absorbed dose is always calculated from midnight to midnight this leads to the high variation of daily dose for the SAA contribution (220 lGy/day on July 05th and 123 lGy/day on July 06th). The same behaviour was also observed by the TRITEL-RS instrument in the Zvezda module of the ISS (see references in Narici et al. 2015) . This clearly indicates that both natural factors and human made changes of the station's altitude can lead to detectable variations of the radiation load on board the ISS.
For a better understanding of the changes in the SAA dose contribution, Figure 9 presents the SAA variation coupled to the ISS orbital data for two distinct time periods, namely the years 2009 and 2013. The influence of the ISS altitude (%350 km in 2009 and %420 km in 2013) on the measured dose rate in the region of the SAA is clearly visible. As the station is lifted up to higher altitudes (Fig. 9b) it penetrates deeper into the inner radiation belt. This leads to higher count and dose rates. In the logarithmic scale of Figure 9 the latitudinal and longitudinal dependency of the measured dose rates during the crossings of the South Atlantic Anomaly (roughly between 10°W and 80°W; 5°S and 45°S) is resolved. Figure 9a shows the dose rate in the SAA while the ISS was at altitudes of around 350 km during DOSIS in the year 2009 while Figure 9b shows the dose rate for SAA crossings at altitudes of around 420 km during DOSIS 3D in the year 2013. The extended time spent in the SAA caused by the widening of the SAA at higher altitudes in combination with higher peak dose rates leads to an increase of the daily average absorbed dose rate from SAA crossings from 80 lGy/d (2009 at 350 km) to 150 lGy/d (2013 at 420 km).
ISS attitude influence on the absorbed dose rate -the shuttle dockings
As already shortly pointed out in Section 4.1.2 another influence on the radiation exposure is the attitude of the space station. In the nominal mode of the ISS flight direction (X) (red arrow in Fig. 10a ) the Columbus Laboratory (red rectangle in Fig. 10a ) is positioned at the forward right position of the ISS. At times when the Space Shuttle was still flying to the ISS the shuttle was docked at NODE-2 close to the Columbus Laboratory. To avoid damage of the shuttle the ISS was rotated by 180°during the time the shuttle was docked to the ISS, thereby putting the Columbus Laboratory on the backward left position with the Shuttle attached to its back end. Figure 10 shows two examples of shuttles docked to the ISS in the years 2010 (STS-132) (Fig. 10b ) and 2011 (STS-134) (Fig. 10c) . The shuttle fleet retired with the last shuttle mission being STS-135 (Atlantis) leaving the space station on July 19th 2011 bringing back the DOSIS-MAIN-BOX including the DOSTEL-2 and the DDPU for refurbishment (see also Sect. 2.2). The relevant Shuttle missions and timelines such as launch, landing, docking to and undocking from the ISS, as well as the docking duration, are provided in Table 4 . The docking of the shuttle has two impacts on the absorbed dose measurements. The first one is the rotation of the ISS by 180°. This influences the dose contributions from the SAA due to the fact that the radiation field in the SAA is strongly anisotropic. Further on, the local shielding for detectors positioned inside the station changes due to the rotation of the ISS (as mentioned Columbus goes from forward right to backward left) (Drobyshev & Benghin 2011) . The mass of the shuttle (around 78 tons) increases the local shielding for detectors close to the shuttle (Dachev et al. 2011) , which is also the case for the DOSTEL instruments in Columbus. Figure 11 provides the absorbed dose rates for the SAA measured by the DOSTEL-1 (Fig. 11a) and the DOSTEL-2 (Fig. 11b) instruments and correlates them to the relevant shuttle dockings as given in Table 4 . In 2009 and 2010 DOSTEL-1 and DOSTEL-2 measured six shuttle dockings; DOSTEL-2 additionally provided data for shuttle dockings #7 and #8 in the year 2011. Table 4 column 1 #6 and #8. Source: NASA.
As seen in Figure 11 the measurements during DOSIS started while the first shuttle STS-127 was still docked to the ISS. After undocking the absorbed dose values increased (by more than a factor of 2 for the DOSTEL-1 as well as for the DOSTEL-2). This behaviour is seen for all following dockings of the Shuttle to the ISS in the years 2009-2011. To further discuss the influence of the docking on the absorbed dose values we took the 2nd Shuttle mission during the DOSIS experiment (STS-128) which was docked to the ISS from August 31st (00:54) to September 08th 2009 (19:26) for 8.77 days as an example with relevant data provided in Figure 12 . Figure 12a shows the hourly total absorbed dose rate measured with the DOSTEL-1 instrument from August 25th till September 12th 2009 with the shuttle docking occurring from August 31st to September 08th. Figure 12b shows the (a) (b) Fig. 12. (a) The dose rate measured with the DOSTEL-1 instrument over the timeframe of the 2nd Shuttle docking (see Table 4 ); (b) the daily average of the SAA dose rate for the DOSTEL-1 and the DOSTEL-2 instruments for this respective Shuttle docking.
(a) (b) Fig. 11 . Variation of the absorbed dose contribution for SAA crossings measured during the DOSIS experiment for (a) DOSTEL-1 and (b) DOSTEL-2. The relevant numbers 1-8 relate to in total eight Shuttle dockings performed during the DOSIS experiment phase (see also Table 4 ). daily absorbed dose rates for SAA crossings for both the DOSTEL-1 and the DOSTEL-2 instruments. We can observe that for both DOSTEL instruments the SAA dose contribution drops by around 50% during the time the shuttle was docked to the ISS (Fig. 12b) . Looking at Figure 12a we see that the hourly absorbed dose rate for SAA changes as soon as the shuttle is docked. For a comparison we focus on the two ways the ISS crosses the SAA (descending and ascending orbits). The black rectangle (1 in Fig. 12a ) provides a summary of first descending orbits and second ascending orbits for the time before the shuttle docking. The same (descending and ascending) orbits are given in the grey rectangle (2 in Fig. 12a ) for the time of the shuttle docking. The absorbed dose rate for the descending orbits changes from almost 550 lGy/h (peak value) without shuttle to around 150 lGy/h (peak value) during the shuttle docking. Therefore the absorbed dose for one ''main'' crossing of the SAA during descending orbits changes from~45 lGy to~15 lGy, which is a reduction by a factor of 3. In comparison to this the hourly dose rate for the ascending orbits with maximum of 310 lGy/h increases to values of around 350 lGy/h, which leads to an increase in dose for a ''main'' SAA crossing from~22 to~26 lGy. In total the daily absorbed dose being the sum of the descending and ascending orbits decreases by a factor of 2.
Similar behaviour was observed by the Russian DB-8 (silicon detector) instruments positioned in the Zvezda module of station (see Fig. 4 in Drobyshev & Benghin 2011) during various shuttle dockings which clearly indicates that the rotation of the ISS and the thereby changed (a) viewing direction of the instrument and (b) local shielding influences the dose due of the SAA crossings. Measurements have also been performed outside the ISS with the R3D3 instrument on the European Technology Exposure Facility (EuTEF) platform of Columbus (Dachev et al. 2011 (Dachev et al. , 2012 which showed drops of the absorbed dose rate from 1400 to~600 lGy/h during shuttle dockings. The higher dose rate is of course due to the very low shielding of the R3D3 detector positioned outside the station.
Concerning the changes in the GCR environment, it was observed that for the DOSTEL instruments the overall count rate for GCR was increased during the shuttle docking, which can be attributed to the higher local shielding due to the shuttle and thereby the higher generation of secondary particles which contribute to the GCR count rate. The absorbed dose values for the GCR are only slightly increased.
With all this information it can be concluded that the ISS attitude change is the main reason for the change in the SAA dose rate during the Shuttle dockings.
Absorbed dose
After the relevant influences on the radiation environment onboard the ISS the following section focuses on the presentation and interpretation (based on results and conclusions from Sects. 4.1.1 to 4.1.3) of the total absorbed dose values measured during the DOSIS and DOSIS 3D experiment phases with both DOSTEL instruments. Figure 13 provides the absorbed dose rates in lGy/day for the DOSTEL-1 instrument (Fig. 13a ) and the DOSTEL-2 instrument (Fig. 13b) . The absorbed dose values are separated for the GCR component (in red), for the SAA contributions (in blue) as well as for the total absorbed dose (in grey) being the sum of the two mentioned before. Absorbed dose values are Looking at the relative contributions from the SAA and the GCR to the total absorbed dose we can see that during the DOSIS mission the GCR contribution is on average 65% with a 35% contribution of the SAA. During shuttle dockings these values change to 80% GCR and 20% SAA contributions. During DOSIS 3D when the ISS was at higher altitudes GCR and SAA contributed almost equally to the total absorbed dose. This ratio slowly changed (especially in the year 2015) due to the influence of ISS altitude decrease (60% GCR and 40% SAA) but goes back to around equal contributions at the end of May 2016 due to the decrease of solar activity. The differences between the DOSTEL-1 and DOSTEL-2 instruments are mostly related to the lower SAA dose in DOSTEL-2 (see also Sect. 4.1.2) caused by the different local shielding environment.
LET spectra
To determine dose equivalents (cf. Sect. 4.4) we need to determine the average quality factor Q for the GCR and the SAA components of the radiation field onboard the ISS. The average Q is calculated from the LET spectrum which is measured with the DOSTEL instruments in the coincidence mode (see also Sect. 3.1) using a mean incident angle of 30°which corresponds to an average path length of 364 lm in a single detector plane. Figure 14 shows the differential LET spectra for the SAA (Fig. 14a ) and the GCR (Fig. 14b) contributions for the DOSTEL-1 instrument measured during the DOSIS missions.
The LET spectra are given for both detectors (D-1, top) and (D-2, bottom) of the DOSTEL-1 instrument. As previously discussed in Section 3.2, D-1 and D-2 have different gain factors which lead to a higher resolution in the low LET range for D-2 and a higher upper LET threshold for D-1. Nevertheless, the comparison of the two spectra shows almost identical data over the LET region covered by both detectors. Therefore for all further analysis the D-1 LET spectrum (with the higher upper LET threshold) is used for the determination of the average Q. The average Q for the SAA contributions (dominated by low energy protons) is 1.22 while the average Q for the GCR contributions is 3.20. Figure 15 compares the LET spectra for the DOSIS and the DOSIS 3D missions for the SAA contribution (Fig. 15a ) and the GCR contributions (Fig. 15b) . We can observe an increase in the SAA LET spectra due to the increase in ISS altitude as described in Section 4.1.2. The GCR spectra show a slight decrease of particles over the whole LET range which is due to the increase in solar activity from DOSIS to DOSIS 3D. The relevant Q for SAA changed from 1.22 to 1.20 from DOSIS to DOSIS 3D while the Q values for the GCR component slightly decreased from 3.20 to 3.13.
Dose equivalent
Based on the data given in Section 4.2 for the absorbed dose and the relevant average Q provided in Section 4.3 we can now determine the dose equivalent values for the two DOSTEL instruments for the DOSIS and DOSIS 3D missions. Figure 16 provides the dose equivalent rates in lSy/day for the DOSTEL-1 instrument (Fig. 16a ) and the DOSTEL-2 instrument (Fig. 16b) . It shows the dose equivalent values separated for the GCR component (in red), the SAA contributions (in blue) as well as for the total dose equivalent (in grey) being the sum of the two. Dose equivalent values are given (as in While for the absorbed dose the ratio of GCR/SAA contributions was 65%-35% for the DOSIS missions this ratio changed due to the different quality factors related to the SAA and the GCR contributions. During DOSIS (DOSTEL-1) we observed SAA dose equivalent rates of up to 150 lSv/day with GCR dose equivalent rates of more than 550 lSv/day which shifts the contribution from the GCR component to the total dose equivalent to almost 80% while the SAA components account only for 20%. Of course all variations due to solar cycle influence, ISS altitude changes and Shuttle dockings (as discussed already for the absorbed dose rates in Sect. 4.2) are mirrored also in the dose equivalent. At the end of May 2016 the DOSTEL-1 instrument measured a total dose equivalent rate of 647 lSv/day (492 lSv/day for GCR and 154 lSv/day for SAA) while the DOSTEL-2 instrument measured 591 lSv/day (471 lSv/day for GCR and 120 lSv/day for SAA).
Results in comparison with other radiation detectors onboard the ISS
Several other active radiation detectors measured during the time period of the DOSIS and DOSIS 3D experiments (see also Narici et al. 2015) . We only want to show some baseline comparison in order to bring the measurements performed with the DOSTEL instruments in an overall ISS perspective. For example, four silicon detectors (DB-8) are used for operational dosimetry in the Russian Zvezda module (Lishnevskii et al. 2010 (Lishnevskii et al. , 2012a (Lishnevskii et al. , 2012b . These units are at distinct positions with various average shielding thicknesses and provide absorbed dose values in silicon for GCR and SAA contributions separately. The DB-8 instruments measured a contribution of GCR for the year 2009 of up to 110 lGy/day (in silicon) while the contributions from SAA ranged from 100 lGy/day to over 300 lGy/day (in silicon) depending on the detector location. Taking into account, that the measuring range of the DB-8 goes up to an energy deposition of 20 MeV in silicon the measured dose rates are comparable with those of the DOSTEL-1 instruments for GCR which measured up to 130 lGy/day (in silicon) with an energy deposition range of up to 165 MeV. The SAA contributions measured with the DOSTEL instruments of up to 80 lGy/day Table 5 with measurements performed with the NASA Tissue Equivalent Proportional Counter (NASA-TEPC) at the beginning of 2014 (Kroupa et al. 2015) . Table 5 provides the total absorbed dose rates for five consecutive days measured with the DOSTEL-1 instrument and the NASA-TEPC. Both instruments follow the same trend, though the DOSTEL-1 data is on average around 8% lower. This can be explained by (a) the different measurement location of the two instruments which influences the SAA contribution to the total dose and (b) the contribution of neutrons which can only be detected indirectly via elastic scattering or compound nuclear reactions in the DOSTEL silicon detector but are included with higher detection efficiency in the total absorbed dose of the NASA-TEPC.
In addition (as partly discussed in Table 13 of Berger et al. 2016 ) and further expanded now for the whole DOSIS and DOSIS 3D missions, a PDP was always attached at the left side of the DOSIS-MAIN-BOX (see Fig. 1b) . Table 6 provides a comparison of the absorbed dose rate measured with the DOSTEL-1 and the DOSTEL-2 instruments with the 7 LiF:Mg,Ti thermoluminescence detector data provided by the PDP located at around 15 cm distance from the DOSTEL-1 and at around 30 cm distance from the DOSTEL-2 instrument. Data from the DOSTEL instruments was averaged over the relevant mission duration of the measurements of the PDP. As can be seen the data agrees very well within the respective error bars and shows especially the slow decrease in absorbed dose at the end of 2015 due to the ISS altitude change and the increase of the dose in DOSIS 3D Phase 8 in 2016 due to the decrease in solar activity.
This short comparison shows that the data provided by the DOSTEL instruments fits well into the overall radiation environment measured within Columbus for the relevant exposure times. Further on, the data set enables now evaluation and further comparison of data with other active radiation monitors which measured onboard the ISS. This will be done in the further data evaluation process.
Summary and conclusion
Within the frame of the DOSIS (2009) (2010) (2011) and the DOSIS 3D (2012-onwards) experiments a detector suite consisting of two active (powered) silicon detector telescopes (DOSTEL-1 and DOSTEL-2) and passive radiation detector packages (PDP) has been applied onboard the Columbus Laboratory of the ISS for the determination of the temporal and spatial variation of the radiation environment. The DOSIS 3D experiment is continuously measuring the radiation environment in Columbus and will in the future complement the data presented in this work.
The data provided by the active DOSTEL instruments over a timeline from 2009 to 2016 showed the variation of the radiation load inside the ISS which was subject to changes due to (a) solar cycle dependent variations, (b) changes in the ISS altitude and (c) changes in the ISS altitude during the docking of the Space Shuttle to the ISS. The measurements started in the deepest solar minimum of the space era in 2009 followed by a very long and weak solar maximum in the years 2013-2014 and are currently performed during decreasing solar activity leading to the next solar minimum. The ISS altitude changed from 335 km to over 420 km over the time of the experiments thereby also strongly influencing the dose due to the crossings of the SAA. The influence of the docking of the Space Shuttle on the radiation load could be observed and quantified for a total number of eight Shuttle dockings to the ISS in the time between 2009 and 2011 and it could be confirmed that the ISS altitude change during the Shuttle dockings is responsible for the changes in the SAA dose.
The absorbed doses measured at the end of May 2016 reached up to 286 lGy/day with dose equivalent values of 647 lSv/day. The full set of data provided over this long time period will further act as baseline for comparison with other active radiation detectors measuring onboard the ISS and as repository for benchmarking of Monte Carlo calculations for the radiation environment onboard the ISS.
